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ABSTRACT

A theoretical study of the vibrational relaxation of the adbond between a

physisorbed molecule and a crystalline substrate is presented. The bond

between the admolecule and the substrate is described as a one-dimensional

Morse-oscillator. Using standard perturbation theory, expressions for the

relaxation ot the vibrational adbond due to Its interaction with the substrate

lattice vibrations are derived. Both energy relaxation and pure dephasing are

consldered. A numerical evaluation of the resulting expressions for the

relaxation constants is given for a Debye spectrum for the phonons and for a

surface phonon spectrum. The relative Importance of pure dephasing and energy

relaxation in determining the absorption linewidth Is derived as a function of

the fundamental frequency of the active mode.
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1. INTRODUCTION

The effects of vibrational excitation of adsorbed molecules by an IR

laser has been the subjee$ bf many experimental and theoretical studies over
1\

the past decade. Primarily, he interest in laser excitation of an adspecies

2
arose because of the prospect of Influencing surface chemical reactions and

the prospect of selective laser-induced desorption without heating (i.e.,

damging) the substrate. 3 Later It was shown that substrate heating via the

adsorbate of an otherwise transparent crystal might quite well be the moast

important process occurring. 
8

Besides using the laser to influence particular processes, It can also be

used as an analytical tool. Best known Is the measurement of the absorption

line profile and the line width. More modern examples are echo experiments

and tim-resolved transmission spectroscopy. With all these techniques som

information can be obtained about the adbond or adsorbate and its interaction

with the substrate.

Surface reactions are mainly dependent on the extent to which a

particular vibrational mode can be excited and the speed with which relaxation

occurs. Processes In which the populations of the vibrational levels are

changed, due to an energy exchange with the reservoir, are generally called

energy relaxation or T,-processes.

The absorption lineshape is determined by the Fourier transform of the

autooorrelation function of the dipole operator of the adbond. In particular,

it involves the time evolution of the off-diagonal elements of the reduced

density operator. In the most simplest approximation the absorption line Is a



Lorntzlan, with a width determined by two processes. The first,

Inhomogeneous broadening, arises due to inhomogenelties in the environment of

the active olecules. For adsorbates. It can have contributions from

differences In adsorption sites, roughness Of the surface and other causes.

Because the magnitude of these Irregularities is not well known, lnhomogeneous

broadening Is difficult to analyze In a first principles way. A

phenomenological approach was recently given by Gortel et al.9

The second mechanism, homogeneous broadening, again consists of two

parts: energy relaxation (or T1 - processes) and pure dephasing (or T*-

processes). The latter is the collection of all relaxation terms which

contribute to the time evolution of the off-diagonal elements of the density

operator, but which do not change the populations. In the simplest

approximation the total homogeneous width is given by.

1 2 (1.1)
T2 TI T2

Each of these three relaxation times can In principle be determined

experimentally. For adsorbates, the energy relaxation time was determined for

chemisorbed OH on silica by tim-resolved transmission spectroscopy. 10 ' 1 1 The

ame experiments for the lower-frequency adband node of physlsorbed systems

have not been done yet. One problem there Is the lack of an appropriate laser

for these frequencies. Echo experiments give the total dephasing time

(Eq. (1.1)). Together with the previous mentioned time resolved spectroscopy

measurements, they can be used to determine the pure dephasing. Finally,



simle measurement of the absorption linewidth gives the combination o

homogeneous and Inhomogeneous broadening. Combined with the result for T1 and

T2 , It gives the contribution o inhomogeneous broadening.

The question we want to address In this paper Is what the relative

Importance is of energy relaxation and pure dephasing, respectively, to the

homogeneous linewidth.

Experimentally, we know from the T -measurements by Hellweil et al. 1 0 . 1 1

and previous determinations of the total linewidth 1 2 that the latter is not

due to T1-processes only. Whether the discrepancy has to be attributed to

pure dephasing or to inhomogeneous broadening, cannot be deduced from these

experiments. Measurements of the total linewidth for adsorbates have also

been done for hydrogen on wolfram, 13  hydrogen on slliclue, 1 4 and for the

internal mode vibration of CO on nickel. 15  Theoretical arguments as well as

detailed calculations have been given to show that these llnewidth's are

maLvily due to pure dephasing. 1 1 7

All the above indicated experiments and theoretical considerations are

about the excitation/relaxation of the vibrational states of a chemical bond,

with typically a frequency of 2000 cm 1 . Experiments of relaxation of

molecules embedded in the solid state suggest that the line broadening is

asnly due to pure dephasing. There is no reason to believe this to be

different for similar modes of adsorbates. 16 The calculations in this paper

will support these conclusions.

However, for physisorbed system, the adbond mode will have a fundamental
-1

frequency in the region 50 - 500 cm , considerably lower than that of a

chemical bond. For such low frequencies an experimantal analysis Is difficult



to perform. We are only aware of the measurement of the linewidth of the

adbond vibration of CO on nickel. Theoretical analysis has mainly been

restricted to energy relaxation. 19-21 The question we want to answer In this

paper is whether for these low-frequency modes pure dephasing still is the

most Important relaxation process. It will be shown that under certain

conditions, dependent on both the adbond and on the details of the reservoir

spectrum, T1 - and T1i-processes can become of equal importance, and energy

relaxation can even become the more important one.

Following earlier work, 19-22 in the next section we shall present a

theory of vibrational relaxation of an adbond, with the lattice vibrations of

the substrate as a reservoir. However, we shall retain the terms describing

pure dephasing, and we will derive explicit expressions for T1 and TO. In

Sees. 4 and 5, we shall evaluate these expressions numerically as a function

of the fundamental frequency of the adbond vibrational mode. Finally, in Sec.

6 conclusions will be presented.
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2. RELAXATION CONSTANTS

Consider a system of an atom or molecule physisorbed on a crystal. It is

assumed that that the bond between the adsorbate and substrate can be

described as a one-dimensional anharmonic oscillator; only vibrations

perpendicular to the surface are considered. Excitation of the adbond can be

accomplished by laser light in resonance with one pair of vibrational

states. Relaxation occurs through the dynamic coupling of the adbond with the

lattice vibrations of the substrate. The latter is assumed to act as a

thermal bath or reservoir. 23

The potential energy between the adatom and the substrate 1 given by a

one dimensional potential between the instanteneous position of the adatom, z,

and of the nearest surface atom, u (Fig. 1),

V = V(z-zo-u Z ) . (2.1)

The origin is chosen as the average position of the surface atom. The average

of the instanteneous displacement uz Is therefore zero. It is assumed uz is

entirely determined by the lattice vibrations of the substrate (reservoir

condition). Then the vibrations of the adatom are described by the

Haul Iton Ian

K2 d2

H - + <V(z-z u )> , (2.2)a z2 0 z

1111z11
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where a is the mass of the adatom and <...> denotes the average over the

substrate lattice vibrations. The interaction between the adbond and the

lattice vibrations Is given by

H1 "V(z-z -u) " <V(z-z -u z)> (2.3)

Furthermore, we denote by H and p , respectively, the Hamiltonian and thermal
p p

equilibrium density operator of the harmonic lattice vibrations of the

substrate. The elgenfunctions and elgenvalues of the adbond Hamiltonian are

defined by

HaIn> - Mwn In> .(2.)

The complete system has the Hamiltonian

H H 0 * H *H * HI  . (2.5)

The state of this system is described by a density operator p, which obeys the

equation of motion,

[Hp (2.6)
dt K

Then the adbond can be described by Its reduced density operator

a(t) - Trp (p(t)) , (2.7)
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where Tr denotes the trace over the phonon variables.

Following earlier work, 19-22 an approximate expression tar the reduced

density operator at the adbond can be derived as,

d(tl L~ C'a H *(t)] L - Tr~ I dt' (H 1 ((t'), P~OGt)J (2.8)

wi th

H(-t)u exp ( %Ht) H' exp-Ht) (2.9)

The first term at Eq. (2.8) det Ines the tree evolution of the adbond while,

the second term gives the relaxation. A turther approximation can be made by

neglecting terms on the right-hand side ot Eq. (2.8) which oscillate with a

frequency ditferent trom the tree evolution ot act). Within this

approximation, usually denoted as the random-phase approximation (RPA), we

obtain tar the time derivative ot the matrix elements Of c(t) between

elgenstates at H at

do0 nt) z (t)M 2.0
dt n nn kc(.0

and

do Ct)M (t)-r~ Caa t) (.1
dt umonm nm rim
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where o Ct) <nlo(t)lm>, a - nand w " - ". Let Us define

I -1Ank " 2  0 nk n ( 't

A I i- dt' (-I (0)n(t) (2.12b)

n kon K 0 Hnk

F ~ dt' ((;I (0);I (-t')> * 4, (-t');, (0)>2nm X20 n nn -*

(H(O)H n -t')> - (H -t') (0)>) , (2.12c)

* a avrg

where <Q> - T (p Q is the average of Q over the phonon reservoir. Then therp p

relaxation constants are given by

rk k  -a for n ok (2-13a)
nn

r~ nna(A * A) (2.1 3b)

r M Re(A n + A0" * .ns) (2.13c)

In the RPA, pure dephasing Is given by the diagonal elements of the

Interaction Hamiltonian. From Eq . (2.10)-(2.13) It follows that Indeed they

do not contribute to the tim-evolution of the populations. They do Influence

the ooherenoes, with a rate constant F and the added the energy relaxationfu
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rate constants A n A condition for pure dephasing to occur Is that F is 1

nonzero. As can be deduced from Eq. (2.12c), this means that

Hi fi1  or n *. (2.111)
nn -N

For example, It can be shown that Eq. (2.141) Is not fulfilled when the

complete system is described by harmonic oscillators. An expression similar

to Eq. (2.12c0 was given by Burns et al. 
2 4

In the rest of the paper we shall use the Morse potential for the

Interaction potential V(z-z0 -u ),

Vm(z) - Dfexp(-2az) - 2 exp(-czz)) (2.15)

The reasons are that a Morse potential gives a fair description of the van der

Waals bond, and that It is to a large extent amenable to analytic evaluation

of the expressions. The lattice vibrations are described as a set of harmonic

oscillators. Then, following the work of Efrima et al., 19the correlation

functions of the interaction Hamiltonian can be evaluated:

<RI MRI a-l D 2 0-22u2> i-W k1 t

B(2) B (2) (x(Q2<(~(t))I

*iB (2 ) BO) (exp(a 2 u(0)u(-t')>)-1) * (2.16)

(2) ,(1) 2I
2 m k1 (exp(2a <u(0)u(-t')>)-1)

-, - -, ~ *'%*V ~ : \:. w J~!'de*
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2 B() .(2) (exp(2x <u(O)u(-t,)>)-)
nm kl

where the displacement autocorrelation function is purely determined by the

reservoir. B Q ) is the matrix element of e between the eIgenstates
rn

of H (see the Appendix).a

3. MULTIPHONON CONTRIBUTIONS

The Markov approximation implies a separation of the system in two parts,

the reservoir and the subsystem of Interest (adbond). Changes In the state of

the complete system then have the interpretation of something changing In the

adbond accompanied by a change in the reservoir. Within the RPA the time

evolution of the reduced density operator of the adbond has a very simple

Interpretation (Eqs. (2.10) and (2.11)). Any change of a(t) Is accompanied by

the creation or destruction of one or more phonons of the substrate.

For the Morse potential and a harmonic lattice, the n-phonon contribution

to the relaxation constant Is given by the combination of all terms Involving

the n-th power of the autocorrelation function of the surface atom

displacement. Each of these terms is singled out easily by expanding the

exponential functions In Eq. (2.16). For a Debye spectrum for the phonons,

the importance of multiphonon contributions was analyzed by Jedrzejek et

al.* 2 5 , 2 6 and up to n - 2 by Gortel et al. 2 These authors considered only the

master equation (Eqs. (2.10) and (2.15)), and therefore analyzed only the

contributions of the multiphonon contributions to the transition rate

constants ank (Eq. (2.12a)). It was found that for transitions between

vibrational states Involving energies less than the Debye frequency, the
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single-phonon terms dominate. For transitions of energy higher than this

Debye frequency, multiphonon terms are also Important.

Especially for the motion perpendicular to the surface, i.e., uz the

Debye spectrum Is a poor presentation of the density of states (DOS) of the
28

phonon spectrum. 2 Recently, the transition rate constants for the

vibrational adbond of CO physisorbed on Ni were calculated by Volokitin et

al. 2 9 using the more realistic surface phonon spectrum due to Black. 2 8  The

values they obtained were much lower and in better agreement with experiment

than these calculated with the Debye spectrum. Furthermore, it Was found that

multiphonon terms of high order Still give a significant contribution to the

rate constants.

Energy relaxation Involves a change In energy of the adbond. The

transition from level n to level m is accompanied by the creation/anhilation

of a phonon, Which is depicted In Fig. 2. ?ultiphonon transitions can be

represented by adding one or more virtual adbond levels. Pure dephaslng (Eq.

(12)) occurs due to processes In which the populations of the adbond do not

change. These can be interpreted as virtual excitations of the adbond, which

then returns to Its original state. Obviously the minimum number of phonons

necessary for such a virtual excitation Is two (Fig. 3). Therefore, pure

dephasng has only contributions from two-phonon and higher multiphonon

processes.

From the notion that pure dephasing is at least a two-phonon process, and

from the previous discussion, one expects that pure dephasing will become an

Important relaxation process whenever the multiphonon contributions to the

transition rate constants are important. The analysis In the rest of the

paper will support this hyphothesis to a large extent, although It will also

d
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be found that the Intrinsic differences between pure dephasing and energy

relaxation do Influence their relative Importance.

Let us denote the phonon density of states by p(w), with

U

$ dw p(w) - 1 . (3.1)
0

Then, the displacement autooorrelation function is given by,

<u(O)u(-t) $ g dw {(n())e - t ' * n(W)e l t '  (3.2)2M)0 W

with

-l(w) - (exp(hw/k 8 T) - 1) (3.3)

which gives the number of phonons with frequency w as a function of the

temperature T; kB is the Boltzmann constant.

With these definitions the two-phonon contribution to the pure dephasing

rate constant becomes for a Morse potential (Eq. (2.12c)),

Re(F - D2 2 a2<u2>  (am)2 i 2 9)2

(3.")

df ((w.)2 ;(w)[;(w) + 1]
0
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where D, a and k are defined In the Appendix. The imaginary part of the rate

constants determines a level siift and will not be considered here.

The energy relaxation contribution to the absorption linewidth of a

transition n -> . is given by Re(A * A*) - Re(An + AM ) (Eq. (2.130)). Re(A n )n m n)

can be written as (Eq. (2.12))

Re(A) a (3.5)
n z an,

-on

For the latter rate constants the 1-phonon contribution i3

a(1 ) - D2  "2 <u 2> (B (1)2 (n-m)2 (1 _n-+1)2rimn nM 2

(3.6)

(2M P(Ien.I)[ -(n).1

1f2  2 M m "n.)

The two-phonon energy relaxation Is given by,

-(2) D2 0-2,2<U2> (B( 1 )) 2 (2 8 1n(2k-n-1)-
m (2k-m-1),

2%

• 8 -n(2k-n-1)-m(2k-m-1)i2) 
( 2

2k 2 2

(3.7)

0 ("n''- (n(w) .1) n(-w '-w) .1)

0 ma w
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w (w u)

S(umo* 6)
We) *) .)

W (W --M n(w) (glw on) * M)

The four terms In Eq. (3.7) correspond to the tour two-phonon processes

denoted by II-V in Figure 2.

From Eqs. (3.6) and (3.7) we can conclude that the energy relaxation

constants strongly depend on the details of the phonon spectrum used. In

particular, the single-phonon term Is directly proportional to the DOS at the

transition frequency. The pure dephaslng constant Is less dependent on the

phonon spectrum because It Involves an Integral over the square of p(w). In

the next two sections we shall evaluate the expressions Eqs. (3.11), (3.6) and

(3.7) for, respectively, a Debye spectrum and a DOS representing a surface

phonon spectrum.

1I. D1YE SPECTUH

For a Debye spectrum we have

2

3DD m

(0>.1)

0 W> % •



-16-

Let us define the Integral

Y x 2o0x

ID(Y) f dx 2 (4.2)
0 (01-1)

Then the two-phonon contribution to the pure dephasing for a Debye phonon

spectrum can be written as,

2e-2 2 >a2 1 kBTD

Re(Fn) D o ") ) 9)
nm k N 3 1w D OkBT

It Is easy to show that ID(Y) - constant - 3.3 for (y * =). Then we obtuin

Re(FTo) - O(T3 ) for T 4 0.

Substitution of Eq. (4.1) In Eq. (3.6) gives for the single-phonon energy

relaxation

(1) 2 -2*2(u2> (1)2 2 num*1 ) 2

n D (Bi ) (n-u) (1 - ) ()

6v 3 no(1 n(orm)J

for m D .  For e > D we have ) * 0. The two-phonon contribution Is

(Iq. (3.7))@

a(2) D2 0-22(u2> (90) 2a 2 2(O_

(4.5)

I
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1 -2, 8n(2k-n-1)-m(2k-m-l) I + (n(2k-n-1)-m(2k- m -1 ) 22k 2k

The expression for the Integral E depends on the values of tD and w.nm

ror Ie, I > 2wD we have

E(xD ; x n) - 0 , ('I.6a)

For 2a i wrm wD

x
XD dx x(xn-) • nm

E(xD ; x r -x .6b)
(nm XD) (eX-)( x m x -

and fot w D a Wnm 0

xx
x x ri

E(xD ; xrm) Snm dx x(x n-x) •
0 (eX-)(e -1)

X1D (.6)

2 D dx x(x-xnri) (*Xram (X-1)(eXn.) ,

with similar expressions for v < 0.

For T 4 0, xD3 E(xD,xn ) converges to a limiting value. This means that

at low temperature all n-phonon contributions to the energy relaxation remain

finlte. Therefore, In the limit T + 0, energy relaxation will always dominate

puroe dephasing.

~\ ~ 'f V ~ *~.*8%~f~.% "~,f~g .
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We are interested in an estimate of the different contributions to the

total relaxation rate Eq. (2.13c). In order to do this we shall use values

for the parameters which represent realistic systems like hr/XCl and CO/N.

That is, we use a number of adbond levels k - 25. Different system, i.e.,

with a different fundamental frequency, are then represented by choosing

different values for both a and D, such that k a 25. The values for p and N

are taken In accordance with the system CO/Cu. 2 6 In the low-temperature limit,

x < I, the energy relaxation rate constant Re(A *Ao ) for the 1 * 0 transition1

can be approximated by nO Also, for the 1 * 0 transition (n,m << k), the

n,m-dependent factors have a simple approximate expression. With these

substitutions and approximations, the relaxation constants become

F10. D e U (1)2 _ () 2  _ (4.7a)

e(1) *AO') 1 ao D2 0e0 <u2> 1 6* a 1 il0 (47b
RA1  0 2 102k DN .(7)

For 2 1 I 0 ID we have

(2) (2) D2 -22<u2> 1 9T 2
e(1  0 2 a 10  _D e3 M

(4I.Tc)

.(1)2 (2 -- x-) -- (2 -1 .
XD D 3 D

and for wD 1 *10 z

,.5 J
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(2) (2) 2 -2m2<u2> I Lf (122 9 (X10)3
e(2) (2) 2 2k 3 M 1) 2 X d (1.Td)

(1)2

It Is noted that for w > 0, a 0  and that for w - 0, but

that the pure dephasing constant Is only weakly dependent on the fundamental

freq.ency.

From Eq. (1.7) the following estimates of the relative importance of the

various contributions at low temperature can be made for 0 < w10 < WD:

r(2)
10 1 11 1 30 x (M.8a)

20

F(2)
10 1 1 (4.8b)

l, 10 Xnm

For wD < al0 < 2w p, the single-phonon energy relaxation Is Identically zero,

but Eq. (4.8b) remains valid.

From Eq. (1.8), It follows that, for a Debye spectrum, the pure dephasing

rate oonstant Is much smaller than the slinle-phonon energy relaxation, and of

about the same magnitude as the two-phonon energy relaxation. The two-phonon

oontribution to the energy relaxation is much sruller than the s1ngle-phonon

term, and the three-phonon term will again be an order of magnitude smller

than the two-phonon term. Therefore, when compared to three-phonon or higher-

order terms In the energy relaxation rate constant, the pure dephasIng will be

the mst Important relaxation process.

f r .1 r 41 Jr
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5. SURFACE PHONON SPECTRUM

In the model used In this paper, the coupling between the adbond and the

phonon reservoir Is mediated by the motion of the surface atom perpendicular

to the surface. Especially for this direction of the motion, the theoretical

calculations of Black28 for a N1(11) surface show a large difference In the

spectrum of the surface phonons compared to that of the bulk phonons. The

most prominent characteristic of this spectrum is that the DOS consists of a

single peak at frequency ao - 24.2 THz. Besides this peak, there is some

extra density In the tails between frequencies of 60 cm"1 and 300 c "1 (as

visible In the picture given by Black). We want to evaluate the expressions

for the relaxation constants for such a phonon density of states. In order to

do this, we approximate the calculated spectrum by the simple analytical form

ln2 2
ON.) - 2 exp(-lw0- ln2/A) (5.1)

2w0£

where A - 1.45 THz - 2FVHM. The w2-dependence Is chosen in order to obtain

the correct limiting behavior for a * 0; the exponential gives a reasonable

representation of the spectrum calculated by Black.

Again, we consider the 1 + 0 transition In the low-temperature limit.

Substitution of the DOS (Sq. (5.1)) into Eqs. (3.4). (3.6) and (3.7) gives

the required rate constants. After rearrangement they become

1 (1) Oral ma
A*(&,)(-- ~ (:-0) exp(-ln2 11-- !

(5.2)

x( -2---2--2 k /(,n-.,(2k-n-m-1) 3)
nm 2k nta4 1I

- .l
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(2) a no~ 4 t2 .!'o 2 -w"nm 1

(5.3)

1 n() 2 k _ 2 (1+2 k _)

kc 2

00 r 'M' (.) (2k-u-n-I ) 4(mn-n)2

2 zxw0  -
ufdz z exp(-21n2j1-zlw /a) (expI-

0 kBT

0 ( - exp( - z....2) -1W (5.4)
kBT

wher z ww ad I .- )Is given by
0 S w0

1 3
XS(X) t x exp(-1n2(2-x)w /a) (5.5a)

for x S 1, and

I (2x( A j~) 2 
-( A ) exr(- ln(2)xio0 /&

12(x-1) ( 4( n2 A£3-2x2 2 (5.5 b)
o2n wol2 aol
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x - . x3 )) *xp(- 1n2 12-xl eo/&)

for z & 1. The plus sign applies for x & 2 and the minus sign for 1 9 x S 2

(z - unr/). It follows that the energy relaxation rate constants are, In

this low-temperature approximation, independent of the temperature. Pure

dephasing is strongly temperature dependent, through the exponential

functions.

The Morse potential parameters representing some real physisorbed systems

are such that the number of levels, k, is more or less constant. 2 6 To compare

the energy relaxation and pure dephasing, we plot In Fig. 4 the relaxation

constants as a function of the fundamental frequency, wlO, of the vibrational

adbond. The constants defining the adbond (k, , H) are the same as those

used in Sec. 4.

All quantities are given In units of the characteristic frequency W0 of

the phonon spectrum. We see that, as expected, the n-phonon energy relaxation

rate constant has a maximum at frequency nwo . For wlO * o it decreases

exponentially with mul0-wol. The pure dephasing constant is much less

dependent on the transition frequency. The largest effect is due to the

increase ofd V(z-z zz with Increasing u1O, and not to a resonance effect
dz 20

as for the energy relaxation.

(n)It Is to be expected that the maxima In a 10)will gradually decrease with

Increasing n. Then, for transition frequencies larger than nw0 with n on the

order 3 or 4, pure dephasing will become a more Important process than energy

relaxation. A notable difference with the Debye spectrum is that the single-

phonon and two-phonon contributions to the energy relaxation are still larger

than the pure dephasing even if w )O > nw° (n - 1,2, respectively). For the

. .
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Debye spectrum the n-phonon term Is exactly zero for ol0 > n.D" This Is due

to p(m) now being non-zero for u > aO . Therfore, the precise behaviour of

a10) for w % > n% depends strongly on the exact form of p(m). Since the

difference between the calculated spectrum2 9 and a Lorentzian peak (used here)

or, for example, a Gaussian function cannot be seen for w 1 2 %o, the values of

the n-phonon relaxation constants beyond vl 0 (n*l)w o are not reliable, and

no conclusion should be drawn regarding their behavior at those frequencies.

6. DISCUSSION

It is well known that pure dephasing is a relaxation process which is due

to anharmonicities In the system. In the model used In this paper,

anharmonicity is Introduced in the active mode (vibrational adbond), and its

magnitude Is fixed by the choice of a Morse potential to represent this bond.

Another approach can be to take into account the anharmonicity In lattice

vibrations.6  We assum that this can be neglected with respect to the effect

of the adbond anharmonicity. Therefore, it should be kept in mind that the

calculations presented here and elsewhere 17 ,3 1 give values for the pure

dephasing constants which can be strongly odel dependent. Energy relaxation

to already present In a harmonio system and does not change dramatically upon

Introducing anharmonic ity.

It is found that for low temperature the pure dephasing constant goes to

zro as T3 (T + 0) (Eqs. (4.7) and (5.4); see also Ref. 17). Apparently this

result does not depend on the details of the phonon spectrum. It does depend

on the kind of relaxation process studied, i.e., on the form of the coupling

between the active mode and lattice vibrations. This can be compared to the

R'
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results of Skinner and Hsu who find a T7-dependence for the relaxation of the

electronic excitation of a molecule embedded in a crystal. 3 1

The calculations presented in Secs. 3-5 clearly show that resonance is an

important effect in determining the magnitude of the energy relaxation rate

constants (Eqs. (3.6) and (3.7)). The n-phonon contribution Is large whenever

all phonons involved are of A frequency at which the DOS is large. For the

Debye spectrum this means that the n-phonon term has a maximum for the

transition frequency smaller but of the order nwD. For w 10 > nwD' that term

is identically zero. For the surface phonon spectrum, each n-phonon term in

the rate constant has a maximum at nwO and decreases strongly for Iw10-nwol 0

0. The results also show that on going to a higher multiphonon process, the

maximum value of the relaxation constant decreases with increasing n (see also

Refs. 25-27).

The lowest-order contribution to the pure dephasing is a two-phonon

process. Because it involves only a single adbond level, the resonance effect

is now that the largest contribution to the relaxation constant comes from

virtual excitations with frequency wo" Since there are no other restrictions

on the position of the virtual level, the relaxation constant will hardly

depend on the fundamental frequency. Its magnitude should therefore be of the

order of the two-phonon energy relaxation term at its maximum. On the other

hand, it will roughly be lower by a factor of n(wo) than this term, because it

also involves the absorption of a phonon. It is this factor which introduces

the strong temperature dependence of the pure dephasing (Fig. 4).

This analysis shows that at high temperatures, where n(4D) or ;(No) > I,

the two-phonon pure dephasing term will be of the order of the maximum value

of the two-phonon energy relaxation term. For lower temperature (n(mo), n(D)
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< 1), the two-phonon pure dephasing will be somewhat smaller. Then, one

expects pure dephasing to be the most important relaxation process when the

transition frequency of the active mode Is much larger than the characteristic

frequency (w0 or wD) of the phonon reservoir. This is in accordance with the

result of Gadzuk and Luntz 16 and Hutchinson and George, 17 who considered the

relaxation of an Internal vibrational mode of an adsorbed molecule. Although

the coupling mechanism is different there, the conclusions are also valid for

the relaxation of an electronic excitation. 3 1 However, for the low-frequency

adbond vibrations of a physisorbed molecule, the energy relaxation is mainly

due to single-phonon and/or two-phonon contributions. Then energy relaxation

will give the largest contribution.
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APPENDIX: Matrix Element 8 (0 )

The Morse potential is given by

Vm(z-z0 ) - D(exp(-2(z-z 0)) - 2 exp(-a(z-z 0))) (Al)

Averaging V(z-z -u) over the lattice vibrations (i.e., over u) results In

again a Morse potential,

<V(Z-z -u)> a v*(z o )  ( (A2)

with renormalized parameters

D' - D exp(-a 2<u2>)

-a' - (A3

The adbond Hamltonian is defined with the renormalized Morse potential as

potential energy. Let us its decrete elgenfunctions by In>. Then the

oorresponding elgenvalues are

E ~~ - 322 1 2 (A)
En - (k-n-i) & (A4)

where
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k ho (A5)

The integer part of k represents the number of bound states. From Eq. (All) one

directly obtains the fundamental frequency

2 2
-2- (k-) (A6)

The following matrix elements can be calculated as 19 . 32

BO( nIe(Z1)) IM> a 1 ((2k-2n-1)(2k-2-1) 1/2 r(n.1)r(2k-m) A)nm 2k "n:mr(2k-n)r'(2k-m)' ~ ~(k-)(T

8(2) <nlexp(-2a(z-zo)lm> B 8(1) (n(2k-n-1)-m(2k-m-1 )*2k (A8)

both for n > (m-1).

We need the matrix elements of the Interaction Hamlltonian (Eq. (2.12)).

Substitution of the explicit form of HI (Eq. (2.3)) shows that this Involves

matrix elements of exp[-Ja(z-z )], for J - 1,2. That Is, we need matrix

elements of both terms of the Horse potential (Eq. (Al)) between the

elgenstates of the renormalized Morse potential (Eqs. (A2) and (A3)). We note

that exp[-J(z-zo)) - exl[-a(z-zo)lexp[-Ja(zo-zo)]. and that (0o-- 0 ) 2

Is constant. Then from Eqs. (A?) and (A8) we Immediately obtain the result

"jl-2-2 < u p2 (>
,()-<nlexp(-Ja(z-zo)lm>, - 2 •0 (A9)

nim 0M
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wtth - 1,2.

This result was used In the evaluation of Eq. (2.16). We stress that the

correction so obtained (Eq. (A) Versus Eq$. (A) and (AS)) Is of the same

order of magnitude as the corrections obtained directly from using the

renormalized Morse potential instead of V (Z-z ) Itself in H

a 0 a

p

L

S.

'S



° 33 °

FIGURE CAPTIONS

Figure 1. Schemtic drawing of an adsorbed atom at position z above a surface.

The nearest surface atom has a time-dependent displacement u

perpendicular to the surface.

Figure 2. The single-phonon and two-phonon contributions to the energy

relaxation for the transition from level n to level a, with %> .

Each arrow denotes the absorption (upwards) or emission (downwards)

of a phonon. The energy of each phonon follows from the length of

the arrow. The dotted lines Indicate virtual adbond levels. 1 is

the sIngle-phonon process, and there are four two-phonon processes

Indicated by II-IV. For the downward transition n * a, process III

is not possible, and for the reverse upward transition, process II

does not contribute.

Figure 3. Mltlphonon contributions to pure dephasing. Depicted are both two-

phonon processes and one three-phonon process. For the meaning of

the symbols see Fig. 2. Note that pure dephasing terms Involve only

one (real) level of the adbond, and that sIngle-phonon proceses are

Impossible.

Figure 4. The logarithm of the various n-phonon contributions to the

relaxation constants versus the fundamental frequency of the

vibration. The low-temperature approximtion is used (Eqs. (5.2)-

(5.4)). All quantities are given In units of the characteristic
.(2)

frequency of the surface phonon spectrum. The pure dephas3ng, F(20

lie.
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Is plotted for two values of the temperature. Note that the low-

6et k T
temperature approxImat Ion does not make sense for -~ <

No Kw0
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